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(54) Variable capacitor 

(57) A reference electrode (4) is fixed on the bottom 
of a concave portion of a substrate (3). A movable elec- 
trode (6) is provided so that its electrode face faces that 
of the reference electrode (4) at an interval to form a 
capacitor by the movable and reference electrodes. A 
driving electrode (10) for driving the movable electrode 
(6) is fixed on the substrate (3) at an interval from the 
movable electrode (6). The distance 2L between the 



driving and movable electrodes (10, 6) is twice the dis- 
tance L between the movable and reference electrodes. 
An external bias voltage is applied between the driving 
arxj movable electrodes (10. 6) to deflect the movable 
electrode (6). This doubles the range of the displace- 
ment of the movable electrode (6), thereby increasing 
the capacity change rate of the variable capacitor. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 5 

The present invention relates to a variable capacitor 
used as a voltage capactty conversion device. 

2. Description of the Related Art io 

Fig. 18 shows the configuration of a major part of a 
vanat>le capacitor proposed in Japanese unexamined 
patent publication No. H5- 74655 as an example of a 
variable capacitor. This variable capacitor is formed is 
using a surface micromachining technique. In f^g. 18, a 
concave portion 8 is formed in a substrate 3 made of sil- 
icon, arxi a thin fiim reference eiectrode 4, which nas 
been formed by means of aluminurri deposrtion or the 
like, is fixed to the substrate 3 in the middle of the bot- 20 
tom 5 of the concave portion 8. A movable electrode 6 
having an electrode face 1 1 facing an electrode face 1 1 
of the reference electrode 4 is formed on the upper erKl 
of the concave portion 8 and is fixed to both ends of the 
opening of the concave portion so that it stretches 25 
across the opening. A capacitor is formed by the mova- 
ble eiectrode 6 and the reference electrode 4. Like the 
reference electrode 4. the movable eiectrode 6 is a thin 
film formed by means of aluminum deposition or the 
like. 30 

Fig. 19 shows an equivalent circuit for this variable 
capacitor. In Fig. 19, a bias voltage source 18 is con- 
nected to a capacitor 19 formed by the reference elec- 
trode 4 and movable electrode 6 to apply a DC bias 
voltage thereto. This DC bias voltage is applied 35 
between terminal portions (not shown) leading from one 
end of each of the electrodes 4 and 6 to produce a 
potential difference between the electrodes 4 and 6. 

As shown in Fig. 18 when the bias voltage source 
18 applies the external bias voltage between the refer- 4o 
ence electrode 4 and movable electrode 6 to produce a 
potential difference between the electrodes 4 and 6. the 
movable electrode 6 is deflected toward the reference 
eiectrode 4 by the action of a Coulomb force felectro- 
static force) to the position indicated in phantom Fig. 18. 4s 
This results in a change in the electrode spacing (the 
gap) between the movable electrode 6 and reference 
electrode 4. As a result, there is provided a variable 
capacitor whose electrostatic capacity changes in 
accordance with the external bias voKage applied so 
between the movable electrode 6 and reference elec- 
trode 4 

As shown in Fig. 19, a cut-off capacrtor 16 is nor- 
mally provided in a circuit using such a variable capaci- 
tor to eliminate DC connponents from the bias voltage ss 
source 18. For example, this prevents various circuits 
such as an oscillation arcuit provided in the area 17 
irxdicated by the broken line in Fig 19 from being 



adversely affected by the DC components from the bias 
voltage source 18. 

A variable capacitor according to this proposal is 
constituted by a single element. Therefore, it is advanta- 
geous in that it can be made small in size and fabricated 
simply unlike a conventional variatjle air capacitor which 
require conrplicated mechanisms such as a rotating 
mechanism for varying the electrostatic capacity (for 
example, by mechanically rotating a screw to increase 
and decrease the area in which the electrodes face 
each other). Further, unlike a varactor diode, there is no 
decrease In the Q-value due to an Increase in the inter- 
nal resistance introduced in an attempt to improve the 
withstand voltage. Thus, this capacitor is attracting 
much attention as an excellent variable capacitor having 
high withstand voltage and Q-value. 

However, in a variable capacitor according to the 
above-descnbed proposal, the displacement of the 
movatjle electrode 6 is limited by the relationship 
between the Coulomb force applied to the movable 
electrode 6 and the spring force produced in the mova- 
ble electrode 6 when it is deflected by the Coulomb 
force. This has resulted In a problem in that it Is not easy 
to increase the rate of the capacity change achieved by 
the deflection of the movable electrode 6. 

The reason Is that the above -described spring force 
and Coulomb force are not easily balanced when the 
amount of the displacement of the movatsle electrode 6 
exceeds one- third of the distance between the refer- 
ence electrode 4 and movable electrode 6. 

A description will now be made on the relationship 
between the amount of the displacement of the movable 
electrode 6 and the Coulomb and spring forces exerted 
on the movable electrode 6. The movable electrode 6 
will fix itself In a position where equilibrium Is reached 
between the Coulomb force exerted on the movable 
electrode 6 due to the potential difference between the 
movable electrode 6 and reference electrode 4 on the 
one hand and the spring force of the moveable elec- 
trode 6 that tends to return the movable electrode 6 to 
the initial undefleded position when the movable elec- 
trode 6 is deflected by the Coulomb force on the other 
This relationship Is expressed by the following equation: 

F = kx = 1/2 • €S{V;(x 0 - X)} - Equation 1 

where k represents the spring constant of the movable 
electrode 6; S represents the area of the movable elec- 
ti-ode 6 tiiat faces the reference electrode 4; e repre- 
sents a dielectric constant; V represents tine potential 
difference between the electrodes 4 and 6; Xq repre- 
sents the distance between the electrodes 4 and 6; and 
X represents the amount of the displacemerit of the 
movable electrode 6. Equation 1 can be ti'ansformed 
into the following Equation 2 if we put u = x/Xq and 
K = eS/2kxo ^ : 

u(1 * u) ^ = KV ^ Equation 2 
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The relationship as shown In Fig. 20 is derived from 
Equation 2 if we put u(1 - u) ^ f(u) . The function f(u) is 
a cubic function wherein KV^ peaks at about 0.15 when 
u=1/3. Fig. 20 shows that the spring force and Coulomb 
force become unbalanced when the bias vortage V 
increases causing u to exceed 1/3. When this happens, 
the movable electrode 6 can contact the reference elec- 
trode 4. Although the spring force arxJ Coulomb force 
can be balanced with u exceeding 1/3. some measures 
must be taken to control the bias voltage V depending 
on the spring force. 

Therefore, the practical range of the displacement 
of the movable electrode 6 is limited to one-third the dis- 
tance between the movable electrode 6 and reference 
electrode 4. This has limited the maximum capacity 
change rate of this variable capacitor to 50 %, and it has 
not been possWe to increase the varying rate further. 

SUMMARY OF THE INVENTIOM 

The present invention has been conceived to solve 
the above-described problem, and it is an object of the 
present invention to provide a variable capacitor 
wherein a high varying rate (capacity change rate) can 
be achieved. 

In order to solve the above-described problem, 
according to the present invention, there is provided a 
variable capacitor including: 
a substrate; 

a capacitor formed by a movable electrode arxl a refer- 
ence electrode respectively supported on the substrate 
so that they face each other at an interval; and 
a driving electrode supported on the substrate so that it 
faces the movable electrode at an interval for driving the 
movable electrode by applying a bias voltage to produce 
a potential difference between the movable electrode 
and itself. 

According to the present invention having the 
above-described configuration, since the movable elec- 
trode is driven by the driving electrode, the range of the 
displacement of the movable electrode depends on the 
distance between the movable and driving electrodes 
and does not depend on the distance between the nxw- 
able electrode and the reference eiectrode.^Therefore, 
the range of the displacement of the movable electrode 
can be increased by Increasing the distance between 
the driving and movable electrodes, thereby increasing 
the varying rate of the capacitor formed by the nrovable 
and reference electrodes (capacity change rate). Con- 
versely, if the distance between the movable and driving 
electrodes is decreased, although the range of the dis- 
placement of the movable electrode is decreased, the 
driving voltage applied to drive the nrovable electrode 
(external bias voltage) can be reduced. Thus, it is possi- 
ble to vary the capacity of the capacitor by displacing 
the movable electrode using a low voltage. 

Other features and advantages of the present 
invention will become apparent from the following 



description of the invention which refers to the accom- 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For the purpose of illustrating the invention, there is 
shown in the drawing several forms which are presently 
preferred, it being urxlerstood, however, that ttie inven- 
tion is not limited to the precise arrangements and 
instrumentalities shown. 

Rg. 1 is a sectional view of a major part of a 

first embodin^nt of a variable capacitor 
according to the present invention. 

Fig. 2 is an equivalent circuit diagram showing 

an example of a circuit configuration 
employing the variable capacitor of the 
first embodiment of the invention. 

Rg. 3 illustrates the range of the displacement 

of the movable electrode of the first 
embod im ent i n comparison with th e 
range of the displacement of a conven- 
tional nr>ovatDle electrode. 

Fig. 4(a) is a plan view of a major part of a second 
embodiment of a variable capacitor 
according to the present invention. 

Rg. 4(b) is a cross sectional view of the portion of 
the second embodiment of the variable 
capacitor taken along lines 4(b)-4(b) of 
Rg. 4(a). 

Fig. 5(a) is a plan view of a major part of a third 
embodiment of a variable capacitor 
according to the present invention. 



4o Fig. 5(b) is a cross sectional view of the embodi- 
ment of Figure 5(a) taken along the lines 
5{b)-5(b). 
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Fig. 6 is a vertical sectional view of a major part 

of a fourth embodiment of a variable 
capacitor according to the present inven- 
ton. 

Fig. 7 is a horizontal sectional view of the varia- 

ble capacitor of the fourth embodiment 
taken along lines 7-7 of Figure 6. 

Fig. 8(a) shows the position of the movable elec- 
trode relative to the reference electrode 
of the fourth embodiment before a poten- 
tat is applied across the movable and 
driving electrodes. 
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Rg. 8(b) shows the position of the mos/able elec- 
trode relative to the reference electrode 
of the fourth embodimerrt after a potential 
has been applied across the nx»vabte 
and driving electrodes. 

Rg. 9 is a graph showing changes in the capac- 

ity change rate in response to varying 
ratios of the distance between a movable 
electrode and a refer erTce electrode to 
the distance between the niovable elec- 
trode arxi a driving electrode. 

Rg. 10 is a vertical sectional view of a major part 

of a fifth embodiment of a variable capac- 
itor according to the present invention. 

Rg. 11 is a veriicai sectional view or a major part 

of a sixth embodiment of a variaWe 
capacitor according to the present inven- 
tion. 

Rg. 12 is a vertical sectional view of a major part 

of a seventh embodimerrt of a variable 
capacitor according to the present inven- 
tion. 

Rg. 13 is a horizontal sectional view of a major 

part of a eighth embodiment of a variable 
capacitor according to the preserrt inven- 
tion. 

Fig. 14(a) is a plan view of a major part of a ninth 
embodiment of a variable capacitor 
according to the present invention. 

Fig. 14(b) is a sectional view of a major part of the 
ninth embodiment of a variable capacitor 
according to the present invention taken 
along lines 14<b)- 14(b) of Rgure 14(a). 

Fig. 15 is a sectional view of a major part of 

another embodiment of a variable capac- 
itor according to the present invention. 

Fig. 16 is an isometric detail view showing a por- 

tion of the reference electrode and the 
movable electrode of the ninth embodi- 
ment of Figures 1 4(a) and 1 4{b). 

Fig. 17 is a horizontal sectional view of a major 

part of an eleventh embodiment of a var- 
iable capacitor according to the present 
irrvention. 

Fig. 18 is a vertical sectional view of an example 

of a conventional variat)le capacitor. 



Rg. 19 illustrates an example of a circuit config- 

uration employing a conventional varia- 
ble capacitor 

5 Rg. 20 is a graph showing the relationship 

between the displacement rate and 
spring force of the conventional variable 
capacitor shown in Fig. 13. 



10 PE TAIL 5P PES CRIPTIQN QF TH£ PRE FE PRE P 
EMBODIMENTS 

Preferred embodiments of the preserrt invention will 
now be described with reference to the accompanying 
15 drawings. In the description of the embodiments, com- 
ponents having designations similar to tiTose in the prior 
art are indicated by like reference numbers and are not 
aescnbed to avoid duplication. 

20 (a) Rrst Embodiment 

Fg. 1 is a sectional view showing the configuration 
of a major p^art of a first embodiment of a variable 
capacitor according to the present invention. In this 

25 embodimerrt, a driving electrode 10 is supported by a 
substrate 3 (which is divided into top and bottom sec- 
tions) at location spaced from the top side of the mova- 
ble electrode 6. The driving electi*ode 10 is fixed on a 
bottom 22 of a concave portion 9 of the substrate 3. and 

30 the distance between the driving electrode 10 arxJ the 
movable electrode 6 is 2L, which is preferably the twice 
the distance L between the movable electrode 6 and a 
reference electrode 4. 

The movable electi^ode 6, reference electi-ode 4, 

35 and the driving electrode 10 are preferably formed of 
■ ^ aluminum by means of aluminum deposition or tiie like. 
An insulation film (not shown) is preferably formed on 
the surface of tiie electrode faces 1 1 of the electrodes 4. 
i 6. and 10 to prevent shorting even if those electrode 

40 * faces 1 1 contact each other as a restit of deflection of 
tiie movable electrode 6. Respective terminal portions 
(not shown) are led out from tiie electi-odes 6 and 10, 
arxJ a voltage is applied between those terminal por- 
tions from a bias voltage source 1 8 as shown schemat- 

45 ically in Fig. 2. 

Rg. 2 shows an equivalent circuit as an example of 
a circuit configuration employing the variable capacitor 
of Fig. 1 . As shown in Fig. 2, a bias voltage from the bias 
voltage source 1 8 is applied to a capacitor 20 formed by 

50 the driving electrode 10 and movable electrode 6. 

When a bias voltage is applied to the driving elec- 
trode 10 and movable electi-ode 6 by the bias voltage 
source 18 to produce a potential difference between the 
driving electrode 10 and movable electrode 6, the dis- 

55 tance between the driving electrode 10 and movable 
electrode 6 changes as a result of the deflection of the 
movable electrode 6 toward the driving electrode 10. 

The range of the displacement of the movahJe elec- 
trode 6 depends on the distance between the movable 



4 



7 



EP 0 725 408 A2 



8 



electrode S and driving electrode 10. According to the 
relationshp illustrated in Fig. 8. the movable electrodes 
can be displaced up to one-third the distance 2L 
between the driving electrode 10 and nxrvable electrode 
6 (compare Rgs. 8(a) and 8(b)). Therefore, as shown in 
Fig. 3, the range of the displacement of the movable 
electrode 6 according to the present embodiment is 
2/3L which is twice the range of the displacement of a 
conventionaJ movable electrode 6 (1/3L). 

When the movable electrode 6 is displaced toward 
the driving electrode 10, the distance between the rnov- 
able electrode 6 and reference electrode 4 also 
changes. The electrostatic capacity across the movable 
electrode 6 and reference electrode 4 changes in 
accordance with the amount of the displacement of the 
movable electrode 6. Therefore, there is provided a var- 
iable capacrtor which operates (whose capacitance var- 
ies) in response to the bias voltage applied between the 
driving electrode 10 and movable electrode 6. 

As descnbed above, the range of the displacement 
of the movable electrode 6 accorcing to the preserrt 
embodiment can be twice that of the prior art TTiis 
makes It possible to vary the distance between the mov- 
able electrode 6 and reference electrode 4 greatly and. 
therefore, to increase the capacity change rate of the 
variable capacitor which depends on the distance 
between the movable electrode 6 and reference elec- 
trode 4. 

Like the variat)le capacitor shown in Fig. 18. the 
variable capacitor of the present embodiment can be 
easily fabricated using semiconductor fabrication tech- 
niques such as surface micromachining. Therefore, it 
can be made compact arxJ fabricated at a low cost. 

Further, according to the preserrt embodiment, the 
capacitor 20 can play the roll of the cut-off capacitor 16 
which is required in a conventional circuit (see Fig. 19) If 
this variable capacitor is used in the circuit configuration 
as shown in Fig. 2. This makes it possiale to use a vari- 
able capacrtor in a circurt configuration having no sepa- 
rate cut-off capacitor 16. As a result, a circurt 
configuration employing a variable capacitor can be 
simplified, which reduces the cost associated with the 
use of a variable capacitor. 

(b) Second Embodiment 

Figs. 4(a) and 4(b) showing the configuration of a 
major part of a second embodiment of a variable capac- 
itor according to the present invention (the top cover to 
the variable capacrtor Is omrtted). In this embodiment, 
movable electrode 6 and reference electrode 4 are pro- 
vided in the x>rm of interdigitated comb teeth which are 
alternated at intervals so that the electrode faces 11 
thereof face each other 

The movable electrode 6 and reference electrode 4 
are supported by a substrate 3 through a beam portion 
1 5. The electrodes 4 and 6 are suspended over a con- 
cavfty 12 and are both movable in this embodiment. As 
best shown in Fig. 4(b) the height of the refererKe elec- 



ti^ode 4 and the rrxjvable electrode 6 above the bottom 
surface 16 of the concavity 12 is substantially equal. 
The electrode spacing between the comb teeth 13 (13a) 
of the movable electrode 6 and the driving electrode 10 

5 is preferably greater than the electrode spacing 
between the electrode faces 1 1 of the comb teeth 13 of 
ttie movable electrode 6 arxl ttie electrode faces 11 of 
the covrii teeth 1 4 of the reference electroda 4. 

As in the first embodiment, the rrxTvaWe electrode 6 

10 is driven by applying a bias voltage between the driving 
electrode 10 and movable electrode 6 to change the dis- 
tance between the driving electrode 10 and the movable 
electrode 6 (the comb teeth 1 3 move in the cfirection of 
the arrows - up arxj down - in Fig. 4) As a resurt, the dis- 

15 tance between the movable electrode 6 and refererK;e 
electrode 4 also changes. This changes the electro- 
static capacrty across tine movable electrode 6 and ref- 
erence electrode 4, whk:h results in a vottage capacrty 
determined by the applied external bias vortage. Thus, 

20 the same advantage as in the first embodiment are pro- 
vided. 

(c) Third Embodiment 

25 Rg. 5(a) Is a plan view showing the configuration of 
a major part of a third embodiment of a variable capaci- 
tor according to the present inverrtion. Rg. 5(b) is a sec- 
tional view taken along the line 5(b) -5(b) in Rg. 5(a). In 
\h\s embodiment the driving electrode 10 is provided In 

30 the form of comb teeth; the comb teeth 13a of the mov- 
able electrode 6 and comb teeth 1 4 of tiie driving elec- 
ti-ode 4 are interdigrtated so that tiie electrode faces 1 1 
tfiereof face each other; and the movable electrode 6 
can be moved by the driving electrode 10 in the direc- 

35 tlon of the arrows (to the left and right in Rg. 5(b)). 

As shown in Fig. 5(b), the area Si where the comb 
teeth 13 (13a) overlap and face the driving electrode 10 
is smaller than the area where the electrode faces 1 1 
of the comb teetti 13 (13b) of the movable electrode 6 

40 overiap and face the electrode faces 1 1 of the comb 
teetii 14 of the reference electrode 4 (tine area of ttie 
region wherein the electrodes overlap wrth each other). 

In the present embodiment, a bias vottage is 
applied between the driving electrode 10 and movable 

45 electrode 6 to drive the movable electrode 6 in the direc- 
tion of the arrows. This results in a change in the area 
S2 where the comb teeth 13b of tiie movable electrode 
6 overlap and face the comb teeth 14 of the reference 
electrode 4 and, therefore, results in a change In the 

50 electrostatic capacity across the movable electrode 6 
and reference electrode 4. This provides a vortage 
capacity determined by the applied external bias vort- 
age. Thus, the same advantage as in the second 
embodiment is provided. 

55 While the driving electrode 10 is provided on the 
opposite side of the movable electrode 6 from the refer- 
ence electrode 4 in the above-described first, second, 
and third emtxxilments (Rgs. 1 through 5(b)). the driv- 
ing electrode 10 may be provided on the same side of 
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the driving electrode 10 as the reference electrode 4 as 
shown in fourth through ninth embodiments descrtoed 
betow. This arrangement also allows the design of a var- 
iable capacitor to be more flexible than the design of the 
first, secorxJ. and third embodiments. In order to obtain 
a high change rate of capacitance, for example, the dis- 
tance between the movable electrode 6 and driving 
electrode 10 must be set at a value which is diffsrenl 
from the distance between the movable electrode 6 and 
reference electrode 4. 

(d) Fourth Embocfiment 

Fig. 6 is a vertical sectiortal view showing the con- 
figuration of a major part of a fourth embodiment of a 
variable capacitor according to the present Invention. 
Rg. 7 is a sectional view taken along the line 7-7 in Fig. 
6. A driving electrode 10 and a patr of reference elec- 
trodes 4 are provided in the form of rectangular thin film 
on an insulating support base 9 preferably constructed 
of an insulator such as glass and ceramic. Further, a 
movable electrode 6 is disposed so as to face the driv- 
ing electrode 10 and reference electrodes 4 with a gap 
8 therebetween. A capacitor 19, as shoswn in Fig. 2, is 
formed by the movable electrode 6 and reference elec- 
trodes 4. 

The movable electrode 6 is supported by the insu- 
lating support base 9 at both ends thereof, in a dual 
support beam configuration. The movable electrode 6 is 
preferably provided so that it is in the form of a flat sheet 
having, no irregularity in the area where it faces the driv- 
ing electrode 10 and reference electrodes 4. The insu- 
lating support base 9 has irregularity on the surface 
thereof formed by a concave portion 23 extending from 
a flat portion 22. As a result, the gap between the mov- 
able electrode 6 and the driving electrode 10 is greater 
than the gap between the movable electrode 6 and ref- 
erence electrodes 4. As shown in Fig. 8(a). the distance 
(h) between the movable electrode 6 and driving elec- 
trode 10 is preferably twice the distance (h/2) between 
the movatjie electrode 6 and reference electrodes 4. 

In the present embodiment, the movable electrode 
6, reference electrodes 4, and driving electrode 10 are 
all aluminum, and an insulation film is formed"on the 
surface of an electrode face 1 1 of each of the electrodes 
10, 4. and 6 to prevent shorting between the electrode 
faces 1 1 even when they contact each other as a result 
of displacement of the movable electrode 6. As shown 
in Fig. 7, terminal portions 28b and 28a are led out from 
the driving electrode 10 and reference electrodes 4, 
respectively; a terminal portion (not shown) is also led 
out from the nx)vable electrode 6; and a voltage from a 
bias voltage source 18 (Fig. 2) is applied between the 
terminal portions of the movable electrode 6 and driving 
electrode 10. 

In the present embodiment, a bias voftage from the 
bias voltage source 18 is again applied to a capacitor 20 
formed by the driving electrode 10 and rrjovable elec- 
trode 6. 
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In the present embodiment, when a bias voltage is 
applied to the driving elect-ode 10 and movable elec- 
trode 6 by the bias voltage source 18 to produce a 
potential difference between the electrodes 6 and 10, 
5 the movable electrode 6 is deflected toward the driving 
electrode 1 0 to chsinge the distance between the driving 
electrode 10 and nxjvabe electi^ode 6 (and therefore 
between the movable electrode 6 and the reference 
electrode 4). 

10 The range of the displacement of the movable elec- 
trode 6 depends on the distance between the nrwvable 
electrode 6 and driving electrode 1 0. and the displace- 
ment of the nx}vable electrode 6 can be as large as one- 
third the distance h between the movatjie electrode 6 

15 and driving electrode 10 Therefore, as shown in Rg. 
8(b), the range of the displacement of ti^e movable elec- 
trode 6 available in the present embodiment is h/3 which 
IS twice the range of the displacement {h/6) of a conven- 
tional movable electrode 6. 

20 Such displacement of the movable electrode 
toward the driving electrode 10 sinrultaneousJy causes 
a change in the distance between the movable elec- 
trode 6 and refer erne electrodes 4. As a result, the elec- 
trostatic capacity across the movable electrode 6 and 

25 reference electrodes 4 changes in accordance with the 
anx)unt of the displacement of the movable electrode 6. 
Thus, there is provided a variable capacitor which oper- 
ates in accordance with a bias voftage applied between 
the driving electrode 10 and movable electrode 6. 

30 According to the present embodiment, the range of 
tiie displacement of the movable electrode 6 can be 
twice that available in the prior art, which allows the cfis- 
tance between the movable electrode 6 and reference 
electrodes 4 to be varied greatly It is therefore possible 

35 to increase the capacity change rate (which depends on 
the distance between the movable electrode 6 and ref- 
erence electrodes 4) of this variable capacitor relative to 
the prior art 

Rg. 9 shows how the capacity change rate of the 

40 variable capacitor according to this embodiment 
changes depending on the distance between the elec- 
trodes by plotting the distance between the movable 
electrode 6 and reference electrode 4 divided by the dis- 
tance between the movable electrode 6 and driving 

45 electrode 10 along the horizontal axis and by plotting 
the capacity change rale of the variat>le capacitor along 
the vertical axis. As apparent from Rg. 9. when the dis- 
tance between the rrtovable electrode 6 and reference 
electrode 4 is set at 0.5 times the distance between the 

50 movable electrode 6 and driving electrode 10. the 
capacity change rate is 2 CO %. Thus, it has been proved 
tiiat the present embodiment provides a capacity 
change rate as high as four times that of a conventional 
variable capacitor as shown in Fig. 18. 

55 Further, the variable capacitor of the present 
embodiment can be easily fabricated using semicon- 
ductor fabrication techniques such as surface microma- 
chining tike the variable capacitor shown in Fig. 13. 
Therefore, it can be made compact with a reduced cost. 
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Further, according to the present embodiment, the 
capacitor 20 can play the roll of the cut-off capacitor 16 
which is required in a conventional circuit (see Rg. 19) if 
this variable capacitor is used in the circuit configuration 
as shown in Fig. 2. This makes it possible to use a vari- 
able capacitor in a circuit configuration having no sepa- 
rate cut-off capacitor 16. As a result, a circuit 
configuration employing a variable capacitor can be 
simplified, which reduces the cost associated with the 
use of a variable capacitor. 

(e) Rfth Embodiment 

Fig. 10 is a vertical sectional view showing the con- 
figuration of a major part of a fifth embodiment of a var- 
idDle capacitor according to the present invention. The 
reference electrode 4 is formed in the center of the insu- 
lating support base 9 and the driving electrode 10 is dis- 
posed on opposite sides of the reference electrode 4. 
Further, a raised portion 22 is formed in the certter of 
the insulating support base 9 relative to the flat portions 
23 formed on opposite sides of the raised portion 22. 
The configuration of the present embodiment is other- 
wise the same as the fourth embodiment and. hence, ist 
description will be omitted. 

The present embodiment operates similarly to the 
fourth embodiment and provides the same advantages. 

(f) Sixth Embodiment 

. Fig. 1 1 is a vertical sectional view showing the con- 
figuration of a major part of a sixth embodiment of a var- 
i^le capacitor according to the present invention. The 
feature of the present embodiment that differentiates it 
from the fifth embodiment is that the insulating support 
base 9 is formed so that it has a flat surface on which 
the reference electrode 4 and driving electrodes 10 are 
formed and in that the movable electrode 6 is formed 
with in-egularrty which makes the gap between the mov- 
able electrode 6 and driving electrode 10 greater than 
the gap between the movable electrode 6 and reference 
electrode 4. In this embodiment, a concave portion 23 is 
formed in the center of the movable electrode 6 to make 
the gap between the movable electrode 6 and reference 
electrode 4 smaller than the gap between the nx)vabie 
electrode 6 and the driving electrode 10. The configura- 
tion of the present embodiment is otherwise the same 
as the fifth embodiment and. hence, its description will 
be omitted. 

The present embodiment operates similarly to the 
fourth arxJ fifth embodiments and provides the same 
advantages. 

(g) Seventh Embodiment 

Fig. 12 is a vertical sectionaJ view showing the con- 
figuration of a major part of a seventh embodiment of a 
variable capacitor according to the present invention. In 
this embodiment, the driving electrode 10 is formed in 



the center of the flat upper surface of the insulating sup- 
port base 9: the reference electrode 4 is forn:>ed on 
opposite sides of the driving electrode 10; and the mov- 
able electrode 6 is formed with a raised portion 22 in the 

5 center thereof. 

The configuration of the present embodiment is oth- 
erwise the same as the sixth embodiment and. hence, 
its description will be omitted. The present embodiment 
operates similarly to the sixth embodiment and provides 

w the same advantages. 

(h) Eighth Embodiment 

Rg. 1 3 shows the configuration of a major part of 

ts an eighth embodiment of a variatde capacitor according 
to the present invention. The present embodinwrt has 
the same vertical section as that of the fifth embodment 
shown in Fig. 10. Rg. 13 is a horizontal sectionaJ view 
taken along the line 13-13 in Rg. 10. In this embocfi- 

20 ment. the insulating support base 9 is formed to have a 
configuration wherein a raised portion 22 fornried in the 
center of the insulating support base 9 is sun^ounded by 
a raised portion 23; the reference electrode 4 is formed 
on the raised portion 22; and the driving electrode 10 is 

25 formed so as to surround the reference electrode 4. The 
terminal portions 28a arxJ 28b of the reference elec- 
trode 4 and driving electrode 10, respectively, are led 
out on one side of the insulating support base 9. 

The configuration of the present embodiment is oth- 

30 erwise the same as the fifth embodiment and, hence, its 
description will be omitted. The present embodiment 
operates similarly to the fourth through seventh embod- 
iments and provkJes the same advantages. 

Further, in this embodiment, only one terminal por- 

35 tion 28a and only one terminal portion 28b for the refer- 
ence electrode 4 and driving electrode 10, respectively. 
This arrangement is more preferable in simplifying the 
terminal portion 28 and therefore the configuration of 
the device than the first through fourth embodiments 

40 wherein either the reference electrode 4 or driving elec- 
trode 10 is formed as two separate electrodes. 

(i) Ninth Embodiment 

45 Rgs 14(a), 14(b) and 16 show the configuratkjn of 
a major part of a ninth embodiment of a variat>le capac- 
itor according to the present invention. This embodi- 
ment is similar to the eighth embodiment in that a raised 
portion 22 is formed in the center of the insulating sup- 
so port base 9 and a flat portion 23 is formed around the 
raised portion 22. 

The reference electrode 4 is formed to extend from 
the front convex portion 22 down to the front portion of 
the fiat portion 23, and the driving electrode 10 is 
55 formed on the flat portion 23 on both sides of the refer- 
ence electrode 4. The driving electrode 10 has two main 
sections which are connected to one another through a 
beam portion 24. 
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The movable electrode 6 includes support portions 
25 and electrode portions 13 and 14 which are con- 
nected togehter by a movable beam portion 15. A cen- 
tral electrode portion 14. coupled to the beam 15. faces 
the reference electrode 4. A pair of side portions 13. 
coupled to the beam 15, face the two main sections of 
the driving electrode 10. The movable electrode 6 is 
supported on the insulating support base 9 at its sup- 
port portions 25. 

The preserrt embodiment having the above- 
described configuration operates stmilarty to the fourth 
through eighth embodiments arxJ provides the same 
advantages. Since the driving electrodes 10. located on 
opposite sides of the reference electrode 4 are integralty 
formed using the beam portion 24, it is possible to sim- 
plify the formation of the driving electrode 10 and termi- 
nal connection for applying a driving voltage (external 
bias voltage) to the drrving electrode 10. Thus, the 
present enrAxxlimenl also makes it possble to provide a 
device having a simple configuratjon. 

Further, the present embodiment employs a unique 
configuration wherein portions 13 and 14 of the nnova- 
ble electrode 6 are supported by the beam portion 15. 
As a result, elastic deformation of the beam portion 15 
greatly fadlitales the displacement of the movable elec- 
trode 6 when the driving voKage is applied to the driving 
electrode 10. This makes it possible to decrease the 
drrving voltage applied to the driving electrode 10 for 
causing the displacement of the movable electrode 6. 
Thus, the capacity of a capacitor formed by the nrovable 
electrode 6 and reference electrode 4 can be varied 
through the displacement of the movable electrode 6 
which is achieved by a low voltage. 

The present invention is not limited to the above- 
described embodiments, and there are various possible 
modes of implementation. For example, in the first 
embodiment, the movable electrode 6 has a dual sup- 
port beam structure wherein it is fixed to both sides of 
the opening of the concave portion 8 at both ends 
thereof. Alternatively, the movable electrode 6 TT«y be 
supported by a cantilever beam to be disposed so that it 
overlaps with the reference electrode 4 and driving elec- 
trode 10. Further, the movable electrode 6 may be sup- 
ported at a plurality of points on the periphery thereof. 

As shown in Hg. 15, for example, the nxivable elec- 
trode 6 may be formed on the front or rear side of a 
ceramic beam 21 which is a silicon membrane (thin film) 
or the like, supported on the substrate 3 at both erxJs 
thereof. 

When the movable electrode 6. reference electrode 
4, and driving electrode 10 are formed as electrodes in 
the form of comb teeth as in the second and third 
embodiments, there is no limitation on the number and 
intervals of the comb teeth 13, 14, and 24 of the mova- 
ble electrode 6. reference electrode 4. arxJ driving elec- 
trode 10, respectively, and a plurality of combs may be 
formed as needed. 

Further, aitfiough an insulation film is formed on the 
surfaces of the electrode faces 1 1 of the driving elec- 



trode 10. nx>vable electrode 6, arxJ reference electrode 
/ 4 in the above-described embodiments, such an insiJa- 

/ tion film may be deleted. In such a case, the bias voft- 
age applied to the movaUe electrode 6 and driving 

5 electrode 1 0 are adjusted so that the electrode 1 1 faces 
will not corrtact with each other. 
In the above-descrbed embodiments, the movaUe 
electrode 6. reference electrode 4, and driving electrode 
10 are all preferably constituted by an aluminum elec- 

10 trode formed by means of aluminum deposition. How- 
ever, there is no limitation on the material, size, shape, 
and method of formation of those electrodes 4, 6. and 
1 0. and such factors may be appropriately selected. 
In the first, second, and third embodiments, the 

IS substrate 3 has been described as being made of sifi- 
con. However, the substrate 3 is not limited to a silicon 
substrate, and it may be a substrate constituted by an 
insulator such as a glass substrate. It is also possible to 
use a substrate having an insulation film formed on the 

20 surface thereof, e.g.. a silicon substrate having a siHcon 
oxide film or silicon nitride film formed on the surface 
thereof. 

Moreover, although the distance between the driv- 
ing electrode 10 and movable electrode 6 is greater 

25 than the distance between the movable electrode 6 and 
reference electrode 4 in the above-descrtoed embodi- 
ments, the distance between the driving electrode 10 
and nrxjvable electrode 6 may be smaller than the dis- 
tance between the movable electrode 6 and reference 

30 electrode 4. In this case, although the range of the dis- 
placement of the movable electrode 6 becomes snnaJI, 
the reduced distance between the drrving electrode 10 
and nxivable electrode 6 allows the movable electrode 6 
to be displaced by a voltage lower than that in the prior 

35 an. The displacement of the movable electrode 6 by 
such a low voltage makes it possible to vary the electro- 
static capacity across the movable electrode 6 and ref- 
erence electrode 4 using a low voltage. This allows a 
reduction in the cost associated with the use of a varia- 

40 We capacitor. 

In addition, although the driving electrode 10 is dis- 
posed on the side of the movable electrode 6 supported 
on the substrate 3 at an interval from the movable elec- 
trode 6 in the above -described embodiments (see Fig. 3 

45 and Rg. 6), the driving electrode 10 may be disposed on 
the side of the reference electrode 4 at an interval from 
the movable electrode 6. In this case, the distance 
between the movable electrode 6 and driving electrode 
10 must be different from the distance between the 

50 movable electrode 6 and reference electrode 4. 

In the ninth embodiment, the movable electrode 6 is 
formed with a unique configuration having portions 13 
facing the driving electrode, a portion 14 facing the ref- 
erence electrode, and a beam portion 15. However, the 

55 movable electrode 6 may be in the form similar to that of 
the movable electrodes in the fourth through eighth 
embodiments. 

In fourth through ninth embodiments, the insulating 
support base 9 is a base having a rectangular section, 
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and the electrodes 4, 6, and 10 are also formed to have 
a rectangular portion. For example, as shown in Rg. 17. 
the sectional shape of the insulating support base 9 
may be circular, and the electrodes 4, 6, and 10 may be 
formed into other shapes, for example, circular shapes, 
circular shapes with notches, and doughnut- 1 ike shapes 
adapted to the insulating support base 9. 

Although either the insulating support base 9 or 
movable electrode 6 is formed in a configuration having 
irregularity to make the gap between the nrxDvaWe eJoc- 
trode 6 and driving electrode 10 greater than the gap 
between the movable electrode 6 and reference elec- 
trode 4 in the fourth through ninth embodiments, irregu- 
larity may be provided on both of the nrovatsle electrode 
6 and Insulating support base 9 so that the gap between 
the n>ovable electrode 6 and driving electrode 10 
becomes greater than the gap between the movaUe 
electrode 6 and reference electrode 4. 

Further, even when the movable electrode 6 is 
formed in a unique configuration including portions 13 
facing the driving electrode, a portion 1 4 facing the ref- 
erence electrode, and a beam portion 15, irregularity 
may be provided on the movable electrode 6 and not on 
the insulating support base 9 to make the gap between 
the movat»le electrode 6 and driving electrode 10 
greater than the gap between the rrx3vable electrode 6 
and reference electrode 4. Alternatively, irregularity may 
be provided on both of the movable electrode 6 and 
Insulating support base 9 so that the gap between the 
movable electrode 6 arxl driving electrode 10 becomes 
greater than the gap between the movable electrode 6 
and reference electrode 4. 

When the movable electrode 6 is formed with a 
unique configuration having portions 13 facing the driv- 
ing electrode, a portion 14 facing the reference elec- 
trode, and a beam portion 15 as in the ninth 
embodiment, both of the movable electrode 6 and driv- 
ing electrode 10 may be formed in a flat shape having 
no irregularity. In this case, the unique configuration of 
the movable electrode 6 as described above allows the 
formation of a variable capacitor in which the rrrovable 
electrode 6 can be displaced using a low voltage. 
' Further, the gap between the movable electrode 6 
and driving electrode 10 is twice the gap between the 
movable electrode 6 and reference electrode 4 in the 
above-described embodiments. However, this Is not 
essential and it Is sufficient If the gap between the mov- 
able electrode 6 and driving electrode 1 0 is greater than 
the gap between the movable electrode 6 and reference 
electrode 4. 

fwloreover, although the insulating support base 9 in 
the fourth through ninth embodiments is formed of glass 
or ceramic, the insulating support base 9 is not required 
to be formed of glass or ceramic and may be formed of 
other materials having Insulating properties. 

According to the present invention wherein a mova- 
ble electrode is driven by a driving electrode, the range 
of the displacement of the movable electrode can be 
freely set by setting a large distance between the mova- 



ble arxJ driving electrodes to make the range of dis- 
placement of the movable electrode large and by setting 
a small distance between the nxsvable and driving elec- 
trodes to make the range of the displacement of the 

5 movable electrode small. The electrostatic capacity of 
the capacitor can be varied by varying the distance 
between the movable and reference electrodes by 
means of the displacement of the movable electrode. 
For example, tt is therefore possible to increase the 

70 capacity change rate of the capacitor easily by setting a 
large distance between the rrwvable and driving elec- 
trodes. Further, by setting a small distance between the 
movable and driving electrodes conversely, a variable 
capacitor can be provided which requires a low voltage 

/5 to be applied to the driving arxj movable electrodes, 
although the capacity change rate is small. 

As described above, the present invention makes it 
possible to provide a variable capacitor having a great 
capacity change rate or a variable capacitor which can 

2o be operated with a lew voltage by setting the distarx;e 
between the movable arxj driving electrodes with flexi- 
bility depending on the specif icatior^s of the variable 
capacitor using semiconductor fabrication techrvques 
and the like. ^ — ■ — 

25 It is therefore possitjie to provide a desired variable 
capacitor at a low cost. 

Further, in a circuit configuration ennploying a varia- 
t>le capacitor, the present Invention makes it possible to 
eliminate DC components from a bias vottage source for 

30 applying an external bias voltage to a variat)te capacitor 
using a capacitor constituted by the driving arxl movable 
electrodes without a cut-off capacitor whch is required 
in conventional circuit configurations. This allovt/s the 
cost of a circuit employing a variable capacitor to be 

35 reduced by the amount of such a cut-off capacitor which 

I can be deleted. While specific illustrated embodiments 

1 have been shown arnJ described, It will be appreciated 
by those skilled in the art that various modifications, 
changes, and additions can be made to the invention 

fo without departing from the spirit and scope thereof as 
set forth In the following claims. 

Claims 

4S 1. A variable capacitor comprising: 

a capacitor formed by a movatjie electrode 
(6) and a reference electrode (4) which are spaced 
apart and which face one another; and 

a driving electrode (10) which faces and is 

50 spaced apart from the movable electrode (6) for 
driving the movable electrode (6) when a bias volt- 
age is applied to produce a potential difference 
between the movable electrode (6) and the driving 
electrode (10). 

55 

2. The variable capacitor according to Claim 1, 
wherein an irrtervaJ between the movable electrode 
(6) and driving electrode (10) is greater than an 
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interval between the movable electrode (6) and ref- 
erence electrode (4). 

3. The variaUe capacrtor according to Claim 1. 
wherein an interval between the movable electrode 
(6) and driving electrode (10) is smaller than an 
interval between the movable electrode (6) and ref- 
erence electrode (4). 

4. The variable capacitor according to Claim 1, 
wherein the spacing t>etween the driving and mov- 
able electrodes (10. 6) is greater than the spacing 
between the reference and movable electrodes (4, 
6) 

5. The variable capacitor according to Claim 1, 
wherein the spacing between the driving and mov- 
able diectrouos (1G, G) iS than thd spacing 
between the reference and nK3vat>le electrodes (4, 
6). 

6. The variable capacitor according to Claim 1, 
wherein the movable electrode (6) and reference 
electrode (4) are provided in the form of comb teeth 
(13, 14) and wherein the comb teeth (13. 14) of the 
movable electrode (6) artd reference electrode (4) 
cire interdigitated in a face-to-face relationship. 

7. The variable capacitor according to Claim 1, 
wherein comb teeth (13a, 13b) are formed on both 
of the opposite sides of the movable electrode (6); 
a capacitor is formed by providing a reference elec- 
trode (4) in the term of comb teeth (14) which face 
the comb teeth (13b) on one side of the provable 
electrode (6) so that they are interdigitated there- 
with; and a driving electrode (10) is F>rovtdBd which 
is in the form of comb teeth (24) facing the comb 
teeth (13a) on the other side of the nx3vable elec- 
trode (6) so that they interdigitated therewith. 

8. A variable capacrtor comprising: 
a substrate (9); 

a movable electrode (6) supported on the sut>strate 
(9) so that the movable electrode (6) faces' arxd is 
spaced from the substrate (9); and 
a reference electrode (4) formed on the substrate 
(9) and facing a portion of the movable electrode (6) 
at a first distance therefrom, the reference elec- 
trode (4) and nnovatale electrode (6) cooperating to 
define a capacitor; artd 

a driving electrode (10) formed on the substrate (9). 
independently of the refer efx;e electrode (4), and 
facing a portion of the movable electrode (6) at a 
secorxJ distance therefrom which is different than 
said first distance, the driving electrode (10) caus- 
ing the movat>le electrode (6) to move when a bias 
voltage is applied to produce a potential difference 
between the movable electrode (6) and driving 
electrode (10). 
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9. The variat5le capacitor according to Claim 8, 
wherein the first distance is less than the second 
distance. 

5 10. The variable capacitor accordir^ to Claim 9, 
wherein a concave portion (23) is formed on the 
sut)strate (9). and the driving electrode (10) is pro- 
vided on the concave portion (23). 

10 11. The variable capacitor according to Claim 9, 
wherein a raised portion (22) is formed on the sub- 
strate (9). and the reference electrode (4) is pro- 
vided on the raised portion (22). 

15 12. The variable capacitor according to Claim 9, 
wherein the movable electrode (6) has a concave 
portion (23) which faces the driving electrode (10). 

13. The variable capacitor according to Claim 9. 
20 wherein the movattle electrode (6) has a convex 

portion (22) which faces the reference electrode 

(4). 

14. The variable capacitor according to Claim 8, 
25 wherein the first distance is greater than the second 

distance. 

15. The variable capacitor according to Claim 8. 
wherein the nxivable electrode (6) comprises a por- 

30 tion facing the reference electrode (4), a portion fac- 
ing the driving electrode (10), and a beam portion 
(15) which is smaller in width than the portions fac- 
ing the reference electrode (4) and driving elec- 
trode (10). 

3S 
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